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IMAGE GENERATION DEVICE AND
IMAGING DEVICE

BACKGROUND

1. Technical Field

The present disclosure relates to an 1mage generation
device and the like 1n which a compressed sensing technique
1s used.

2. Description of the Related Art

In order to capture a color 1image, it 1s necessary to acquire

information regarding the three different wavelength regions
of red (R), green (), and blue (B) that correspond to the
three primary colors of light. There are color imaging
devices that acquire information regarding R, GG, and B using
three 1mage sensors. However, many color imaging devices
are equipped with only one 1mage sensor 1n order to reduce
size and cost. Therefore, many color imaging devices
acquire information regarding R, GG, and B using one image
SENnsor.

There 1s a conventionally known method in which infor-
mation regarding one wavelength region from among R, G,
and B 1s acquired for each pixel, and information regarding
the three wavelength regions of R, G, and B 1s acquired for
cach pixel by carrying out processing referred to as demo-
saicing.

FIG. 18 1s a schematic drawing depicting a widely used
Bayer array (for example, the specification of U.S. Pat. No.
5,629,734). In a Bayer array, pixels for G, which 1s close to
the visual characteristics of a human, take up % of all of the
pixels, and pixels for R and B each take up % of all of the
pixels. Information regarding the three wavelength regions
of R, G, and B 1s then acquired for all of the pixels by means
ol demosaicing processing.

Meanwhile, Japanese Unexamined Patent Application
Publication (Translation of PCT Application) No. 2013-
511924 discloses a technique i which demosaicing 1s
carried out by arranging color filter elements 1n a random
color pattern and applying a compressed sensing technique

to a sample data set.

However, 1n the methods of the specification of U.S. Pat.
No. 5,629,734 and Japanese Unexamined Patent Application
Publication (Translation of PCT Application) No. 2013-
511924, only information regarding one wavelength region
from among R, G, and B 1s acquired 1n each pixel of an
image sensor. Therefore, the resolution of the color 1mage
subsequent to demosaicing may decline and artifacts
referred to as false color may occur.

SUMMARY

One non-limiting and exemplary embodiment provides an
image generation device that 1s capable of generating an
appropriate 1image with a decline 1n resolution being sup-
pressed. Furthermore, the present disclosure provides an
imaging device that 1s used 1n order to generate an appro-
priate 1mage. Additional benefits and advantages of the
aspects of the present disclosure will become apparent from
the present specification and drawings. The benefits and/or
advantages may be individually provided by the various
aspects and features disclosed in the present specification
and drawings, and need not all be necessary 1n order to
obtain one or more of the same.
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In one general aspect, the techniques disclosed here
feature an 1image generation device provided with: a random
optical filter array that has a plurality of types of optical
filters and a scattering unit; photodiodes that receive light
transmitted through the random optical filter array; an AD
conversion unit that converts the light received by the
photodiodes, mnto digital data; and a generation circuit that
generates an 1mage, using the digital data and modulation
information of the random optical filter array, in which the
scattering unit 1s located between the plurality of types of
optical filters and the photodiodes, and in which the scat-
tering unit includes a material having a first refractive index,
and a material having a second refractive index that 1is
different from the first refractive index.

General and specific aspects of the aforementioned may
be implemented using a device, a system, a method, and a
computer program, or may be realized using a combination
of a device, a system, a method, and a computer program.

According to the present disclosure, a decline 1n resolu-
tion can be suppressed and an appropriate 1mage can be
generated. Additional benefits and advantages of the aspects
of the present disclosure will become apparent from the
present specification and drawings. The benefits and/or
advantages may be individually provided by the various
aspects and features disclosed 1n the present specification
and drawings, and need not all be necessary 1 order to
obtain one or more of the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic drawing depicting a configuration of
an 1maging system according to embodiment 1;

FIG. 2 1s a drawing depicting details of a configuration of
a wavelength modulation unit and a modulated 1mage acqui-
sition unit in the 1maging system;

FIG. 3 1s a schematic drawing depicting a configuration of
a random color filter array and an 1maging sensor in the
imaging system;

FIG. 4 1s a schematic drawing of the imaging system
including the random color filter array;

FIG. § 1s a drawing depicting transmittance as a wave-
length characteristic of three types of filters according to an
embodiment;

FIG. 6 1s a schematic drawing depicting an arrangement
on a two-dimensional plane of the random color filter array
constituted of the three types of filters and the 1imaging
SEensor;

FIG. 7A 1s a schematic drawing depicting a cross section
of the random color filter array constituted of the three types
of filters and the 1maging sensor;

FIG. 7B 1s a schematic drawing depicting a cross section
of the random color filter array constituted of the three types
of filters and the 1maging sensor;

FIG. 8 1s a schematic drawing of a color filter array 1n a
conventional color imaging device;

FIG. 9 1s a drawing depicting transmittance as a wave-
length characteristic of four types of filters according to an
embodiment;

FIG. 10 15 a schematic drawing depicting an arrangement
on a two-dimensional plane of a random color filter array
constituted of the four types of filters and the imaging
SEensor;

FIG. 11 1s a drawing depicting transmittance as a wave-
length characteristic of three types of complementary color
filters:
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FIG. 12 1s a tflowchart depicting the main processing
procedures of an 1mage generation device in the imaging

system according to embodiment 1;

FIGS. 13A to 13D are schematic drawings depicting a
modulated 1mage and generated 1mages in a case where the
number of pixels of an 1maging sensor 1s N=16;

FIGS. 14 A to 14C are drawings depicting an example of
an 1mage based on a color 1mage generated by a color image
generation circuit or the like in embodiment 1;

FIG. 15 1s a schematic drawing depicting a configuration
of an 1maging system according to embodiment 2;

FIG. 16 1s a flowchart depicting the main processing
procedures of an 1mage generation device in the imaging
system according to embodiment 2;

FIG. 17 1s a schematic drawing depicting a generated
image (a multi-band 1mage) in a case where the number of
pixels of an 1maging sensor 1s N=16; and

FIG. 18 1s a schematic drawing depicting a Bayer array.

DETAILED DESCRIPTION

(Findings Forming the Basis for the Present Disclosure)

In the specification of U.S. Pat. No. 5,629,734 and Japa-
nese Unexamined Patent Application Publication (Transla-
tion of PCT Application) No. 2013-511924, only informa-
tion regarding any one of R (red), G (green), and B (blue) 1s
acquired 1n one pixel. Therelfore, the acquired information 1s
not always suflicient, and there 1s a possibility that an
appropriate 1mage having a high resolution may not be
generated.

In contrast, for example, information regarding each
wavelength band of R, G, and B 1s mixed and given to each
pixel, and this mixing 1s carried out randomly with respect
to pixel groups, and therefore more information can be
obtained from each pixel, and an appropriate image can be
generated by means of a compressed sensing technique from
the obtained information. It 1s useful for the mixing of
random information to be realized 1n a pseudo manner with
respect to pixel groups using few types of optical filters,
such as a total of three types of color filters or the like
including an R filter that primarily transmits the R wave-
length band, a G filter that primarily transmits the G wave-
length band, and a B filter that primarily transmits the B
wavelength band, for example. For instance, a random
optical filter array 1s installed and 1imaging 1s carried out, the
random optical filter array being configured by arranging a
scattering unit that causes light to scatter and optical filters
of relatively few types on the optical path of light received
by an 1imaging sensor. Thus, light transmitted through each
optical filter 1s received not only in one pixel but also 1n
nearby pixels due to a scattering phenomenon, and a large
amount of information 1s given to each pixel; therefore, 1t
can become possible to generate an appropriate image
having a high resolution. In this way, different from con-
ventional techniques i which color mixing 1s prevented
with only information regarding any one of R, G, and B
being given 1n a pixel, the technique according to the present
disclosure 1s able to generate an i1mage having a high
resolution by using a scattering unit to cause, for example,
color mixing or the like to occur by means of a scattering
phenomenon. Hereinafter, an 1image generation device and
the like according to the present disclosure will be described
on the basis of the above finding.

An 1mage generation device according to an aspect of the
present disclosure 1s provided with: a random optical filter
array that has a plurality of types of optical filters and a
scattering unit; photodiodes that receive light transmitted
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through the random optical filter array; an AD conversion
umit that converts the light received by the photodiodes, mnto
digital data; and a generation circuit that generates an 1mage,
using the digital data and modulation information of the
random optical filter array, in which the scattering unit 1s
located between the plurality of types of optical filters and
the photodiodes, or 1 front of the plurality of types of
optical filters, and 1n which the scattering unit includes a
material having a first refractive index, and a material having,
a second refractive index that 1s different from the first
refractive index. Here, optical filters of the same type have
the same wavelength characteristics pertaining to the rela-
tionship between the wavelength of light and light transmut-
tance, and optical filters of mutually different types have
different wavelength characteristics pertaining to the rela-
tionship between the wavelength of light and light transmut-
tance. The scattering unit 1s located between the plurality of
types of optical filters and the photodiodes, and 1s arranged
on an optical path along which light that has passed through
an optical member such as a lens, for example, reaches a
light-receiving surface. The modulation information of the
random optical filter array 1s information relating to light
transmittance in the random optical filter array, which has
the plurality of optical filters arranged on an approximate
plane and includes the scattering unit, and the light trans-
mittance can change 1n accordance with the position on the
plane and the wavelength of the light. It should be noted that
the modulation information relates also to a point-spread
function corresponding to the scattering unit, and the point-
spread function can change in accordance with the position
on the plane.

Thus, light transmitted through the plurality of types of
optical filters, which have mutually different wavelength
characteristics pertaining to the relationship between the
wavelength of light and transmittance, diffuses and 1s
received by the photodiodes, and the photodiodes, which
serve as pixels, are able to acquire suflicient information;
therefore, a decline 1n resolution can be suppressed and an
appropriate 1image can be generated.

Furthermore, for example, the optical filters may be color
filters, the random optical filter array may be a random color
filter array, and the 1mage generated by the generation circuit
may be a color image.

Thus, light transmitted through each of a set of a plurality
of color filters such as an R filter, a G filter, and a B filter,
for example, 1s added 1n a photodiode group of nearby pixels
due to a scattering phenomenon, and an appropriate color
image having a high resolution can be generated by means
of a compressed sensing technique, for example, on the basis
of the modulation information.

Furthermore, for example, the scattering unit may have a
first layer constituted of the material having the first refrac-
tive index, and particles, which include the material having
the second refractive index, scattered in the first layer.

Thus, due to the scattering of light that passes through the
layer in which the particles are scattered in the random
optical filter array, the information amount of light acquired
in pixel umits 1s greater than when the light 1s not made to
scatter. In the generation circuit, the modulation information
that includes information pertaining to the point-spread
function corresponding to position 1s used in accordance
with the scattering, and an appropriate image having a high
resolution can therefore be obtained.

Furthermore, for example, the second refractive index
may be 1.9 or more.

Thus, 1t 1s possible for scattering that 1s suflicient 1n terms
of practical use to occur, and therefore a random optical filter
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array having suflicient randomness 1s realized, and 1t can
become possible to generate an appropriate 1mage by means
of compressed sensing.

Furthermore, for example, the particles may be consti-
tuted of SiN, T10,, ZrO,, ZnO, or Ta,O..

Thus, a random optical filter array that 1s useful can be
configured relatively easily.

Furthermore, for example, the particle size of the particles
may be 500 nm or more and 1000 nm or less.

Thus, 1t becomes possible for visible light to be sufli-
ciently scattered by the scattering unit, and 1t can thereby
become possible to generate a color image or the like having,
a high resolution.

Furthermore, for example, the scattering unit may include
a first layer constituted of the material having the first
refractive 1ndex, and a second layer constituted of the
material having the second refractive index, and the first
layer and the second layer may be stacked in the thickness
direction of the random optical filter array.

Thus, scattering 1s able to occur due to refraction of the
light that passes through the layers of the scattering unit 1n
the random optical filter array, and therefore the information
amount of light acquired 1n pixel units can become greater
than when a conventional Bayer array or the like 1s used.
Therefore, an appropriate 1mage having a high resolution
can be generated.

Furthermore, for example, the image generated by the
generation circuit may be a multi-band 1mage.

Thus, a multi-band 1mage having a high resolution can be
generated. It should be noted that, for example, the random
optical filter array may be configured including an optical
filter that transmits light of a wavelength band other than
visible light.

Furthermore, for example, the generation circuit may
generate the 1image, using a compressed sensing technique.

An 1mage can be appropriately generated by means of this
compressed sensing.

Furthermore, an imaging device according to an aspect of
the present disclosure 1s provided with: a random optical
filter array that has a plurality of types of optical filters and
a scattering unit; photodiodes that receive light transmitted
through the random optical filter array; and an AD conver-
s1on unit that converts the light received by the photodiodes,
into digital data, in which the scattering unit 1s located
between the plurality of types of optical filters and the
photodiodes, and 1n which the scattering unit includes a
material having a first refractive index, and a material having,
a second refractive index that 1s different from the first
refractive imdex.

Thus, light transmitted through the plurality of types of
optical filters, which have mutually different wavelength
characteristics pertaining to the relationship between the
wavelength of light and transmittance, diffuses and 1s
received by the photodiodes, and i1t becomes possible for the
photodiodes serving as pixels to acquire suflicient informa-
tion. Therefore, an appropriate 1image having a relatively
high resolution can be generated using information of each
pixel.

It should be noted that various types of general or specific
aspects hereof include combinations of one or more of a
device, a system, a method, an integrated circuit, a computer
program, a computer-readable recording medium, or the
like.

Hereinafter, embodiments of an imaging system pertain-
ing to an 1mage generation device 1n the present disclosure
will be described with reference to the drawings. The
embodiments given here are all merely examples. Conse-
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6

quently, the numerical values, the shapes, the matenals, the
constituent elements, the arrangement and modes of con-

nection of the constituent elements, the steps, the order of
the steps, and the like given in the following embodiments
are examples and are not restrictive. From among the
constituent elements 1n the following embodiments, con-
stituent elements that are not mentioned in the independent
claims are constituent elements that may be optionally
added. Furthermore, the drawings are schematic drawings
and are not always depicted 1n an exact manner.

Embodiment 1

FIG. 1 depicts a configuration of an imaging system 10
according to the present embodiment. The 1maging system
10 1s provided with an 1maging device 11 and an image
generation device 12.

The imaging device 11 has a wavelength modulation unit
101, a modulated 1image acquisition unit 102, and a trans-
mission circuit 103. Meanwhile, the i1mage generation
device 12 has a receiving circuit 104, a color image gen-
eration circuit 1035, and an output I'F (interface) device 106.
The imaging device 11 and the image generation device 12
may be itegrated. It goes without saying that, in a case
where the imaging device 11 and the image generation
device 12 are integrated, the transmission circuit 103 and the
receiving circuit 104 can be omitted.

(Imaging Device 11)

First, the mmaging device 11 will be described with
reference to FIG. 2.

FIG. 2 depicts details of a configuration of the wavelength
modulation unit 101 and the modulated 1mage acquisition
unit 102.

As depicted 1n FIG. 2, the wavelength modulation unit
101 corresponds to an 1image forming optical system 201 and
a random color filter array 202. Furthermore, the modulated
image acquisition unit 102 corresponds to an imaging sensor
203.

(Image Forming Optical System 201)

The 1mage forming optical system 201 has, at least, one
or more lenses and a lens position adjustment mechanism
(neither of which are depicted). The one or more lenses
collect light from an object for an 1mage of an optical signal
to be formed. The optical signal represents an 1mage of the
object. The lens position adjustment mechanism 1s, for
example, a control circuit (a controller) that controls an
actuator for adjusting the image formation position 1mple-
mented by the lenses and the drive amount of the actuator.
It should be noted that the lens position adjustment mecha-
nism 1s not necessary in a case where the focal point of the
one or more lenses 1s fixed. Furthermore, an image of an
optical signal may be formed without using a lens, as 1n a
pinhole camera.

The image forming optical system 201 may be referred to
as an optical system.

(Imaging Sensor 203)

FIG. 3 depicts an example of details of a configuration of
the random color filter array 202 and the imaging sensor
203.

The imaging sensor 203 1s configured including a plural-
ity of photodiodes 203a and at least one AD conversion unit
2035.

Optical signals of which images have been formed by the
image forming optical system 201 are received by the
photodiodes 203a and are converted into electrical signals
by the AD conversion unit 2035. The electrical signals
represent a modulated 1mage, which 1s an 1mage that has
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been modulated for each pixel. In other words, the 1maging,
sensor 203 captures a modulated 1image. The imaging sensor
203 1s arranged at the position of the focal length of the
lenses.

The imaging sensor 203 includes a plurality of pixels that
receive light collected by the optical system and output
clectrical signals. The pixels correspond to the photodiodes
203a. The plurality of photodiodes 203a of the imaging
sensor 203 and the plurality of electrical signals have a

one-to-one relationship.
(Random Color Filter Array 202)

The random color filter array 202 1s made up of a plurality
of types of color filters 202a to 202¢ and a scattering unit
204. The random color filter array 202, for example, is
provided with: a color filter assembly formed by the color
filters 202a to 202¢ being arranged 1n plurality in mutually
different positions on an approximate plane; and the scat-
tering unit 204. The random color filter array 202 1s arranged
in front of the photodiodes 2034, that 1s, on an optical path
along which light that 1s incident from the image forming
optical system 201 reaches the imaging sensor 203 (for
example, i front of light-incoming surfaces of the photo-
diodes 203q). In the random color filter array 202, the
plurality of types of color filters 202a to 202¢ are arranged
on an optical path along which light that 1s incident from the
image forming optical system 201 reaches the light-receiv-
ing surfaces of the photodiodes 203a. The scattering unit
204 1s arranged between the 1mage forming optical system
201 and the photodiodes 203a. The scattering unit 204 may
be arranged 1n front of the color filters 202a to 202¢, 1n other
words, the color filters 202a to 202¢ may be arranged
between the scattering unit 204 and the imaging sensor 203,
or the scattering unit 204 may be arranged to the rear of the
color filters 202a to 202¢ and 1n front of the 1imaging sensor
203, in other words, the scattering unit 204 may be arranged
between the color filters 202a to 202¢ and the imaging
sensor 203. Here, a description will be given primarily using
an example 1n which the scattering unit 204 1s arranged 1n
front of the color filters 202a to 202¢, 1n other words, the
color filters 202a to 202¢ are arranged between the scatter-
ing unit 204 and the 1image forming optical system 201.

The color filters 202a to 202¢ are color filters of mutually
different types (that 1s, wavelength characteristics pertaining
to the relationship between the wavelength of light and
transmittance). As an example, the color filter 202a of one
type 1s an R filter that primarily transmits light of the R
wavelength band, the color filter 2025 of another one type 1s
a (G filter that primarily transmits light of the G wavelength
band, and the color filter 202¢ of yet another one type 1s a
B filter that primarily transmits light of the B wavelength
band.

The example of FIG. 3 depicts that one color filter from
among the three types of color filters 202a to 202¢ 1s
arranged corresponding to one of the photodiodes 203a 1n
the random color filter array 202. The arrangement of the
various types of color filters 202a to 202¢ on a two-
dimensional plane (that 1s, a two-dimensional array) can be,
for example, that of a Bayer array (see FIG. 18) or the like.

The random color filter array 202 may be arranged in
contact with the front surface, namely the light-receiving
surface, of the imaging sensor 203, or may be arranged 1n
front of the imaging sensor 203, spaced apart from the front
surface. It should be noted that, as described later on, the
color filters 202a to 202¢ 1n the random color filter array 202
are, for example, arranged spaced apart from the imaging
sensor 203.
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The random color filter array 202 1s used for filtering light
that 1s ncident on the imaging sensor 203, 1n a specific
wavelength band. An 1image captured using the random color
filter array 202 1s referred to as a modulated image. The
random color filter array 202 has diflerent light transmit-
tances and different point-spread functions at arbitrary posi-
tions where light 1s transmitted. A “position” mentioned here
means a position of a minute region having a fixed area. A
point-spread function 1s a response function for a point light
source 1 an 1maging system. Assuming that the random
color filter array 202 including the substantially planar-
shaped color filters 202a to 202¢ has a substantially planar
shape, the light transmittance and point-spread function may
be diflerent at each position of the minute regions on that
plane. In other words, the light transmittance and point-
spread function may not be the same at all of the positions
of the minute regions on the plane of the random color filter
array 202, and the light transmittance and point-spread
function may be the same 1n at least two positions from
among all of the positions of the minute regions on the plane
of the random color filter array 202. The light transmittance
and point-spread function for each position such as the
alforementioned are decided by the wavelength characteris-
tics of the plurality of types of color filters 202a to 202¢ that
make up the random color filter array 202, the positions of
the color filters 202a to 202c¢, a substance (for example, a
resin, glass, or the like) having a first refractive index
constituting the scattering unit 204 as described later on, and
the composition and arrangement of a substance having a
second refractive index that 1s different from the first refrac-
tive index, and the light transmittance and point-spread
function are referred to as modulation information. The
arcas ol the minute regions may be equal to the light-
receiving areas ol the photodiodes 203a of the 1imaging
sensor 203, or may be smaller than the light-receiving areas,
for example. It should be noted that the light transmittance
may also be diflerent depending on the transmitted wave-
length (wavelength band).

The plurality of photodiodes 203a and the positions of the
alforementioned plurality of minute regions pertaining to the
random color filter array 202 may have a one-to-one rela-
tionship.

Further details of the random color filter array 202 will be
described later on.

(Transmission Circuit 103)

The transmission circuit 103 transmits, to the 1mage
generation device 12, a modulated image captured by the
imaging sensor 203, and modulation information that has
been set corresponding to the random color filter array 202.
The modulation information indicates the light transmuit-
tance and point-spread function as wavelength characteris-
tics of each position. Either of wired communication and

wireless communication may be carried out for the trans-
mission.

It should be noted that, in the present embodiment, 1t 1s
assumed that the imaging system 10 1s provided with the
transmission circuit 103 and the receiving circuit 104, and
carries out processing with modulated 1images and modula-
tion information being transmitted and recerved in near real
time. However, the imaging system 10 may be provided with
a storage device (for example, a hard disk drive) that saves
modulated 1mages and modulation information, and may
carry out processing in non-real time.
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(Image Generation Device 12)
Once again referring to FIG. 1, the recerving circuit 104,
the color 1image generation circuit 105, and the output

interface device 106 of the image generation device 12 will
be described.

(Recerving Circuit 104)

The receiving circuit 104 receives a modulated 1image and
modulation information that are output from the 1maging
device 11. Communication between the receiving circuit 104

and the transmission circuit 103 may be wired communica-
tion or wireless communication. It should be noted that,
even 1f the transmission circuit 103 transmits a modulated
image and modulation immformation by wired communica-
tion, the receiving circuit 104 may receive these items of
information wirelessly by way of a device that converts the
wired communication nto wireless communication. The
same 1s also true for the opposite thereof.

(Color Image Generation Circuit 105)

The color 1mage generation circuit 105 generates a color
image using a modulated image and modulation information
received by the receiving circuit 104. Details of processing,
for generating a color 1mage (color 1mage generation pro-
cessing) will be described later on. The color 1mage gen-
eration circuit 105 sends the generated color 1mage to the
output interface device 106.

(Output Interface Device 106)

The output interface device 106 1s a video output terminal
or the like. The output interface device 106 outputs the color
image to outside of the image generation device 12 as a
digital signal or as an analog signal.

(Details of Random Color Filter Array 202)

Next, the random color filter array 202 will be described
in more detail with reference to FIGS. 4 to 7A.

FIG. 4 1s a schematic drawing of the imaging system 10
including the random color filter array 202.

As mentioned above, the random color filter array 202 has
a light transmittance and point-spread function that may
differ according to the position and according to the wave-
length band. That 1s, at each of a plurality of arbitrary
positions at which light of a plurality of wavelength bands
1s transmitted, the combinations of the light transmittance
and point-spread function i each wavelength band are
different from each other. In order to realize optical charac-
teristics such as these, the random color filter array 202 of
the present embodiment has: the plurality of types of color
filters 202a to 202¢, which have mutually different light
transmittances that correspond to wavelength bands of light;
and the scattering unit 204. Furthermore, the types of the
color filters arranged 1n each position may be diflerent 1n the
random color filter array 202. In other words, color filters of
mutually different types can be arranged 1n each position
corresponding to the mutually close plurality of photodiodes
203a. In other words, the types of color filters may not be the
same at all of the plurality of positions of the random color
filter array 202 that correspond to the plurality of photo-
diodes 203a, and the types of color filters may be the same
in at least two positions from among the plurality of posi-
tions of the random color filter array 202. The color filters
202a to 202¢ may be arranged regularly as 1in a conventional
Bayer array (see FIG. 18) or may be arranged randomly. It
should be noted that the color filters may partially overlap
with each other when viewed from the front of the photo-
diodes 203a 1n the imaging sensor 203; however, a decrease
in the amount of light received by the photodiodes 203a can
be suppressed by the color filters not overlapping with each
other, as in the example of FIG. 4.
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In FIG. 4, an example 1s given 1n which the random color
filter array 202 includes the three types of color filters 2024
to 202¢ with one color filter corresponding to one photo-
diode 203a; however, 1t should be noted that this 1s merely
an example, and the number of types of the color filters 1s not
restricted to three, and the number of color filters arranged
corresponding to one photodiode 203q i1s also not restricted
to one.

FIG. § 1s a drawing depicting light transmittance as
wavelength characteristics of the three types of color filters
2024 to 202¢. In the same drawing, filter 1 1s the color filter
202aq, filter 2 1s the color filter 20254, and filter 3 1s the color
filter 202c.

The wavelength characteristics of the filters indicate the
extent to which light that 1s incident on a filter 1s reflected,
transmitted, or absorbed, 1n accordance with the wavelength.
The sum total of reflected light, transmitted light, and
absorbed light i1s equal to the incident light. The ratio
between transmitted light and imcident light 1s referred to as
“transmittance”. This transmittance 1s also called light trans-
mittance. The ratio between absorbed light and incident light
1s referred to as “absorbance”. Absorbance i1s obtained by
subtracting the amount of reflected light and the amount of
transmitted light from the amount of incident light and
turther dividing by the amount of incident light. FIG. 5
depicts the relationship between light transmittance and the
wavelength of light 1n each filter.

FIGS. 6 and 7A are schematic drawings of the random
color filter array 202 constituted of the three types of color
filters 202a to 202¢. FIG. 6 depicts the arrangement on a
two-dimensional plane of the color filters of the random
color filter array 202 and the photodiodes 203a of the
imaging sensor 203. This two-dimensional plane 1s a plane
that 1s parallel to the light-receiving surface of the imaging,
sensor 203, for example. FIG. 6 depicts an example in which
the color filters 202a, 20256, and 202¢ are represented by R,
G, and B, respectively, and the color filters 202a to 202¢ are
arranged randomly. A random arrangement may be created
using a random number sequence, or a non-repeating pattern
may be prepared in advance for use in creating a random
arrangement. FIG. 7A depicts a cross section of the random
color filter array 202 and the imaging sensor 203.

The scattering unit 204 has a substance (for example, a
resin, glass, or the like) having a first refractive index, and
a substance (for example, an oxide or the like) having a
second refractive index that i1s different from the first refrac-
tive index.

As a more specific example, the scattering unit 204 has a
resin layer and a plurality of particles 204a located inside the
resin layer. The resin that constitutes the resin layer has a
first refractive index, for example, and the substance that
constitutes the particles has a second refractive index, for
example. The difference between the second refractive index
and the first refractive index may be 0.4 or more, for
example. A material for the resin may be a material having
a refractive index that 1s different from the second refractive
index. For example, a matenial for the resin may be at least
one resin selected from the group consisting of an acrylate
resin, an epoxy resin, and a methacrylate resin. A material
for the particles located inside the resin layer may be a
material having a refractive index that 1s different from the
first refractive mndex, and may be at least one selected from
the group consisting of TiO,, SIN, ZrO,, ZnO, and Ta,O.,
for example. The second refractive index 1s 1.9 or more, for
example. Furthermore, the particle size (that is, the average
particle size) of the particles 1s 500 nm or more and 1000 nm
or less, for example. It should be noted that, 1n order to cause
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light of the wvisible light band to scatter by means of
refraction, 1t 1s necessary to have a size that 1s equivalent to
the wavelength of visible light, and it 1s therefore usetul for
the particle size to be 500 nm or more and 1000 nm or less.
It should be noted that the average particle size 1s measured
using laser diflraction and a scattering method. Specifically,
laser light 1s radiated onto a material and the intensity
distribution of diflraction and scattered light from the mate-
rial are measured. The average particle size 1s obtained using,
the intensity distribution of diflraction or scattered light.
More specifically, measurement 1s carried out by calculating
the average particle size from a particle size distribution
specified by JIS (Japanese Industrial Standards) 8819-2. In
the scattering unit 204, the plurality of particles 204a scatter
within the resin layer 1n a random arrangement, for example.
A random arrangement does not refer to particles of a
uniform particle size being arranged with uniform spaces
therebetween, but refers to the plurality of particles 204a
being arranged 1n such a way that the particle sizes of the
plurality of particles 204aq are different and/or the spaces
between the plurality of particles 204a are not uniform. A
random arrangement of the plurality of particles 204a within
the resin layer may be realized by particles having particle
s1zes that are set 1n advance 1n such a way as to be random
being arranged 1n random positions. A random arrangement
of the plurality of particles 204a within the resin layer may
be realized by particles having different particle sizes being,
arranged at different densities for each location. Further-
more, a random arrangement of the plurality of particles
204a within the resin layer can be realized also using a
plurality of the particles 204a which have been coated with
substances having different refractive indexes. In addition, a
random arrangement of the plurality of particles 204a within
the resin layer can be realized also using a plurality of the
particles 204a for which a process to make the particle sizes
uniform has not been specially carried out.

As depicted i FIG. 7A, the three types of color filters
202a to 202¢ are arranged spaced apart from the imaging
sensor 203, and light transmitted through the image forming
optical system 201 1s scattered by the scattering unit 204,
transmitted through the three types of color filters 202a to
202¢, and received by the plurality of photodiodes 203a.
Due to the scattering of light by the scattering unit 204, light
transmitted through one color filter can be received by a
plurality of the photodiodes 203aq, and light transmitted
through a plurality of color filters can be received by one of
the photodiodes 203a.

FIG. 8 1s a schematic drawing of a color filter array 206
of a Bayer array in a conventional color imaging device.
Compared with the random color filter array 202 according
to the present embodiment (see FIG. 7A), the conventional
color filter array 206 does not have the scattering unmt 204.
Furthermore, in the conventional color filter array 206, 1n
order to prevent crosstalk between color filters, the color
filters (color filters 202a and the like) that make up the color
filter array 206 and the imaging sensor 203 are near to each
other. Light transmitted through one color filter by means of
an 1mage forming optical system 1s collected 1n a light-
receivable region of one photodiode 1n the 1imaging sensor
203. That 1s, 1n FIG. 8, the light indicated by the solid lines
1s generally transmitted through only the color filter 202a 1n
one arrangement position, and 1s received in the imaging
sensor 203 by only one photodiode 203a 1n the arrangement
position (namely the arrangement position at the left end in
FIG. 8) corresponding to the arrangement position of that
color filter 202a (namely the arrangement position at the left
end 1n FIG. 8). Similarly, the light indicated by the dotted
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lines 1s generally transmitted through only the color filter
20256 1n one arrangement position (namely the arrangement
position 1n the center in FIG. 8) and 1s received by only one
photodiode 2034 1n the corresponding arrangement position
(namely the arrangement position 1n the center in FIG. 8),
and the light indicated by the dashed lines 1s generally
transmitted through only the color filter 202a 1n one arrange-
ment position (namely the arrangement position at the right
end 1n FIG. 8) and 1s received by only one photodiode 203a
in the corresponding arrangement position (namely the
arrangement position at the right end in FIG. 8).

In the random color filter array 202 according to the
present embodiment depicted in FIG. 7A, for example,
similar to the example of light indicated by the solid line 1n
FIG. 8, light 322 indicated by a solid line 1s transmitted
t_n‘eugh the color filter 2024 1n the arrangement position at
the left end 1 FIG. 7A and 1s received by the photodiode
2034 1n the arrangement position at the left end in FIG. 7A;
however, light 321 indicated by a solid line 1s scattered due
to refraction in the scattering unit 204 including the particles
204a or the like, 1s transmitted through the color filter 202qa
in the arrangement position at the left end in FIG. 7A, and
1s received by the photodiode 203q¢ in the arrangement
position in the center 1n FIG. 7A, which 1s different from the
example of light indicated by the solid line in FIG. 8.

Furthermore, in FIG. 7A, light 323 indicated by a dotted
line 1s scattered due to refraction in the scattering unit 204
including the particles 204a or the like, 1s transmitted
through the color filter 2025 1n the arrangement position in
the center i FIG. 7A, and 1s received by the photodiode
2034 1n the arrangement position at the left end 1n FIG. 7A,

which 1s different from the example of light indicated by the
dotted line n FIG. 8.

Furthermore, in FIG. 7A, light 324 indicated by a dashed
line 1s scattered due to refraction 1n the scattering unit 204
including the particles 204a or the like, 1s transmitted
through the color filter 20256 1n the arrangement position in
the center in FIG. 7A, which 1s different from the example
of light indicated by the dashed line in FIG. 8, and 1is
received by the photodiode 2034 1n the arrangement position
at the left end 1n FIG. 7A.

In this way, the random color filter array 202 of the
present embodiment, as a result of having the scattering unit
204 including the particles 204a or the like, causes light
transmitted through color filters 1n a plurality of diflerent
positions to be received by one of the photodiodes 2034, and
causes light transmitted through a color filter in the same
position to be received by a plurality of the photodiodes
203a. That 1s, the random color filter array 202 has a light
transmittance and point-spread function that differ according,
to the position and the wavelength of light, and sampling
that 1s random both spatially and 1n terms of wavelength can
therefore be realized.

FIG. 7A depicts an example in which the particles 2044
of the scattering unit 204 are arranged between the image
forming optical system 201 and the color filters 2024 to 202¢
in the random color filter array 202; however, 1t should be
noted that the particles 204a may be additionally arranged
also between the color filters 202a to 202¢ and the photo-
diodes 203a, or may be arranged between the color filters
202a to 202¢ and the photodiodes 203a.

As mentioned above, 1n the imaging system 10 according
to the present embodiment, the random color filter array 202
has the particles 204a, which have a refractive index that 1s
different from that of a solvent (for example, a resin or the
like) 1n the scattering unit 204, between the color filters 202a
to 202¢ and the imaging sensor 203, and therefore has a light
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transmittance and point-spread function that differ according,
to the position and the wavelength of light, and a random
(that 1s, enables random sampling) optical filter array 1s
realized. It should be noted that, for example, 1f any one of
the three types of color filters 202a to 202¢ 1s randomly
selected and arranged in each position making up the
two-dimensional array on the two-dimensional plane in the
random color filter array 202, as depicted in FIG. 6, the
randomness can be improved compared to when not ran-
domly arranged.

It should be noted that, as mentioned above, the scattering,
unit 204 may be arranged to the rear of the color filters 2024
to 202¢ and 1n front of the 1maging sensor 203, in other
words, the scattering unit 204 may be arranged between the
color filters 202a to 202¢ and the imaging sensor 203. This
example 1s depicted i FIG. 7B.

In the above description, the filters making up the random
color filter array 202 were the three types of color filters
202a to 202¢; however, there may be four or more types of
filters, and the filters do not necessarily have to be color
filters as long as they function as optical filters that have
mutually different light transmittances as wavelength char-
acteristics. Herematter, a mode in which four types of filters
are used will be described as the aforementioned random
color filter array 202.

FIG. 9 depicts light transmittance as wavelength charac-
teristics of the four types of filters. Furthermore, FIG. 10
depicts filters of the random color filter array 202 made up
of the four types of filters, and the arrangement on a
two-dimensional plane of the photodiodes 203a of the
imaging sensor 203. In FIG. 9, filters 1 to 3 are the color
filters 202a to 202¢, and filter 4 1s a filter that transmuts all
regions. In FIG. 10, a color filter 2024 serving as this filter
4 1s represented by W. Here, this filter that transmats all
regions 1n the random color filter array 202 1s called a color
filter for convemence. This filter 4 (namely the color filter
202d) can be realized by not adding a member serving as a
filter when the random color filter array 1s generated. By
providing a portion 1n which a member 1s not added 1n this
way, a filter that transmits all regions 1s included 1n the
random color filter array 202, and cost can thereby be
suppressed. Furthermore, by increasing the types of the
filters, the randomness of the random color filter array 202
can be improved. When the randomness of the random color
filter array 202 1s increased, the image quality of a color
image generated by the color image generation circuit 1035
improves, as described later on.

In the aforementioned embodiment, the three types of
color filters 202a to 202¢ making up the random color filter
array 202 are an R (red) filter, a G (green) filter, and a B
(blue) filter, respectively; however, the filter characteristics
are not restricted thereto. For example, complementary color
filters (for example, magenta, cyan, and yellow ({ilters)
having a wide transmission band compared to primary color
filters such as an R filter, a G filter, or a B filter may be used
in the random color filter array 202.

FIG. 11 1s a drawing depicting light transmittance as
wavelength characteristics of three types of complementary
color filters. In the same drawing, filter 1 1s a magenta filter,
for example, filter 2 1s a cyan filter, for example, and filter
3 1s a yellow filter, for example.

The transmission band widens due to using these types of
complementary color filters, and an 1image having reduced
noise can therefore be acquired.

It goes without saying that R, G, and B color filters,
namely primary color filters, a filter that transmaits all regions
of wavelength bands, and complementary color filters may
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be combined as the filters making up the random color filter
array 202. For example, the random color filter array 202
may be configured with the filters depicted 1n FIGS. 9 and
11 being combined. In this case, the random color filter array
202 has a combination of seven types of filters and the
scattering unit 204, and the randomness can therefore be
improved.

Similarly, the filters depicted 1n FIGS. 5 and 11 may be
combined, and a random color filter array 202 having a
combination of six types of filters and the scattering unit 204
may be configured. In this case, the random color filter array
202 has a combination of six types of filters and the
scattering unit 204, and the randomness can therefore be
improved.

(Processing of Image Generation Device 12)

Next, processing in the 1mage generation device 12 (see
FIG. 1) will be described based on FIG. 12.

FIG. 12 1s a tlowchart depicting the main processing
procedures of the image generation device 12.

The recerving circuit 104 of the image generation device
12 recerves a modulated 1image and modulation information
transmitted by the transmission circuit 103 of the imaging
device 11 (step S101).

Next, the color image generation circuit 105 generates a
color 1mage, using an 1mage restoration technique (for
example, a compressed sensing technique), from the modu-
lated 1mage and the modulation information (step S102).

Next, the output interface device 106 outputs the color
image generated by the color image generation circuit 105,
to be displayed on a display or used 1n 1mage processing for
detecting humans or the like (step S103).

(Color Image Generation Processing)

Hereinaftter, the color image generation processing carried
out by the color image generation circuit 105 1n step S102
will be described in more detail.

The color image generation processing can be formulated
as described below 1n a case where a captured modulated
image 1s taken as y and a generated 1mage that 1s a generated
color RGB 1mmage 1s taken as x.

y=Ax. (equation 1)

Here, matrix A 1s a sampling matrix that indicates the
modulation information. The sampling matrix A indicates a
relationship between the modulated 1image v and the gener-
ated 1mage x. For example, 1n a case where the number of
pixels 1s N, the modulated image v 1s expressed by a matrix
of N rows and one column, the generated image x 1s
expressed by a matrix of 3N rows and one column, and the
sampling matrix A 1s expressed by a matrix of N rows and
3N columns.

Heremnaftter, a method for acquiring the sampling matrix A
will be described.

The sampling matrix A indicates a light transmittance and
point-spread function that differ according to each position
and wavelength band. Thus, for example, the sampling
matrix A can be acquired by arranging a monitor 1n such a
way as to cover the entire field of view captured by the
imaging sensor 203 as an object, and performing 1maging
while displaying red, green, and blue dot images 1n sequence
on the monaitor.

Next, a method for acquiring the generated 1mage x from
the sampling matrix A and the modulated image y 1n the
color image generation circuit 105 will be described. In
order to simplify the description, a case where the number
of pixels of the imaging sensor 203 1s N=16 will be

described.
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FIGS. 13A to 13D are schematic drawings depicting the
modulated 1image y for a case where the number of pixels of
the imaging sensor 203 1s N=16, and an R 1image r, a G image
g and a B image b for the generated image x (color RGB
image) which 1s generated based on this modulated 1image v.
FIG. 13A depicts the modulated image y, FIG. 13B depicts
the R image r constituting the red (R) channel of the color
RGB 1mage generated based on the modulated image v, FIG.
13C depicts the G 1mage g constituting the green (G)
channel of the color RGB 1mage generated based on the
modulated 1mage y, and FIG. 13D depicts the B image b
constituting the blue (B) channel of the color RGB image
generated based on the modulated image y. The modulated
image y and the generated 1mage x are represented by the
following equations.

y=viyys-. -J’lﬁ]f-

x=r g1 b1 78 bor3 g3 b3 .. 16816 blﬁ]T- (equation 2)

As 1s clear from equation 2, in equation 1, there are 48
elements for x which 1s an unknown variable, and there are
16 elements for y which 1s an observed variable. That 1s,
there are few equations for unknown variables. Therelore,
equation 1 constitutes an ill-posed problem.

The 1imaging system 10 uses a compressed sensing tech-
nique 1n order to solve this 1ll-posed problem. The com-
pressed sensing technique 1s a technique 1n which an amount
of data 1s compressed by carrying out addition processing
(encoding) when sensing a signal, and the original signal 1s
decoded (restored) by carrying out restoration processing
using the compressed data. In compressed sensing process-
ing, prior knowledge 1s used 1n order to solve 1ll-posed
problems.

Total variation which 1s an absolute value sum for lumi-
nance changes among nearby positions 1n an 1mage may be
used as prior knowledge for natural 1mages (for example,
Rudin L. 1., Osher S. J., and Fatemi E., “Nonlinear Total
Variation Based Noise Removal Algorithms™, Physica D,
vol. 60, pp. 259-268, 1992, and Shunsuke Omno, Isao
Yamada, “Decorrelated Vectorial Total Variation”, IEEE
Conference on Computer Vision and Pattern Recognition,
2014). Furthermore, sparsity i which many coeflicients
become zero in linear transforms such as wavelet trans-
torms, DCT transforms, and curvelet transforms may be
used (for example, J. Ma, “Improved Iterative Curvelet
Thresholding for Compressed Sensing and Measurement”,
IEEE Transactions on Instrumentation & Measurement, vol.
60, no. 1, pp. 126-136, 2011). Furthermore, dictionary
learning 1n which transform coeflicients for the aforemen-
tioned linear transforms are acquired by learning may be
used (for example, M. Aharon, M. Flad, and A. M. Bruck-
stein, “K-SVD: An Algorithm for Designing Overcomplete
Dictionaries for Sparse Representation”, IEEE Transactions
on Image Processing, vol. 34, no. 11, pp. 4311-4322, 2006)

Here, decorrelated vectorial total variation, WhJCh 1S
method classified as a form of total varnation, will be
described. This method suppresses the generation of arti-
tacts referred to as false color by calculating gradients for a
luminance component and a chrominance component of a
color image 1n a separated manner. This 1s realized by
mimmizing the following evaluation function.

(equation 3)

arg min  J(x)+ ||Ax — yll%

x€[0,255]2%N
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This evaluation function 1s made up of the following three
terms.

1. Data fidelity term: ||[Ax-v||,>
tying equation 1

2. Dynamic range term: range ([0, 255]7*") of x for
calculating minimum value min: constraint term for the
pixel value to be 0 or more and 255 or less

3. Decorrelated vectonal total vanation term: J(x): total
variation term with which gradients for the luminance
component and the chrominance component of a color
image are separated

Here, ||Ax-y|[*, indicates the square sum of Ax-y (the
square of the L2 norm). Furthermore, J(x) corresponds to a
difference among nearby pixels relating to the luminance
component and the chrominance component 1 an entire
image, and 1s expressed by the following equations 4 to 8.
It should be noted that, 1n the following equations 4 to 8, R
indicates a real number and R, indicates a non-negative real
number.

. constraint term for satis-

J: RN o R, i x o ||DCH|1>Y (equation 4)

T T _T+f

x=[x5 x5 xb] (equation J)

e R3N
C:RY SR x> [x1 % 23]
(orthogonal color transform)

L (e + X 4 x5) (equation 6)

V3

1
Xp = —(xg —xp),
V2

X1 =

|
X3 = —(.XR — 2.1’:.«3 +.1’:B)

V6
D =diag(D; D; D;)e ROVN

(primary gradient operator 1n color 1image)

Di=[D] Dil e RN

(primary gradient boundarycondition operator of

each channel)

D,. D, € RNV (equation 7)
(vertical/horizontal primary gradient operator)

(Neumann boundary)

|- ||(H’J’{{“1 k2) (%)) (equation 8)

ki +hr N (k5)
REHN o Rotx o wllx 1[4 + 2]y 5]
x:[l{ x;]Taxl e RMY  x, € RV
we (0, 1)
(k2) kN
-3 : R - R, :x > = E \/Z-’ﬂﬂw
(m; is the / element of x)

FIGS. 14 A to 14C depict an example of an 1mage based
on a color 1image generated by the color image generation
circuit 105 1n the present embodiment. FIG. 14A depicts an
image based on a correct image (correct color image)
captured by a three-plate camera. FIG. 14B depicts an image
based on a demosaicing image produced by the ACPI
(adaptive color plane iterpolation) method described in the
specification of U.S. Pat. No. 5,629,734, which 1s a general
demosaicing method. FIG. 14C depicts an image based on a
generated color 1mage (restored image) generated using
decorrelated vectorial total varniation by the color image
generation circuit 105 1n the present embodiment. The
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inventors of the present application actually generated and
compared color images; however, 1n FIGS. 14A to 14C, each

image 15 depicted by means of shades corresponding to the
luminance values (that 1s, luminance values calculated by
multiplying by a coetlicient for each color and adding
component values for R, G, and B) of that image. Further-
more, FIGS. 14B and 14C also mdicate a PSNR (peak
signal-to-noise ratio) for the color images thereof.

As depicted 1n FIGS. 14A to 14C, a generated color image
(restored 1mage) of the present embodiment has a PSNR that
1s an improvement of 1 dB or more compared to the color
image produced by the ACPI method, and can be said to be
the closest to the correct image.

Furthermore, with compressed sensing, 1t 1s known that
the 1mage quality of the restored image improves as the
randomness of the sampling matrix A increases. The random
color filter array 202 of the present embodiment increases
the randomness of the sampling matrix A due to having the
scattering unit 204, and the image quality of the restored
image can thereby be improved.

According to the imaging system 10 which carries out
imaging using the aforementioned random color filter array
202, a high-definition color 1image having reduced artifacts
can be acquired by carrying out color image generation
processing by means of the compressed sensing technique.

Embodiment 2

FIG. 15 depicts a configuration of the 1imaging system 10
according to the present embodiment. From among the
constituent elements of the imaging system 10 according to
the present embodiment, constituent elements that are the
same as those of the imaging system 10 given in embodi-
ment 1 are denoted mn FIG. 15 by the same reference
numbers as i FIG. 1, and descriptions thereof are omitted
here as appropriate. The imaging system 10 according to the
present embodiment 1s provided with a multi-band 1mage
generation circuit 107, instead of the color image generation
circuit 105 given in embodiment 1, 1n the 1mage generation
device 12. This imaging system 10 can generate a multi-
band 1mage that 1s not restricted to an RGB color 1image of
the three primary colors. A multi-band 1mage 1s an 1image
expressed by a signal 1n which the wavelength bands of light
are divided into four or more regions. Those wavelength
bands are not restricted to visible light and may be wave-
length bands such as near-infrared, inirared, and ultraviolet,
and a multi-band 1image can be, for example, a near-infrared
light 1image, an infrared light image, an ultraviolet light
image, or the like.

The multi-band 1mage generation circuit 107 generates a
multi-band 1mage, using an 1image restoration technique (for
example, the compressed sensing technique), from a modu-
lated 1mage and modulation immformation. The multi-band
image generation circuit 107 sends the generated multi-band
image to the output interface device 106.

The output interface device 106 according to the present
embodiment outputs the multi-band 1mage to outside of the
image generation device 12 as a digital signal or as an analog
signal. The output interface device 106 may switch the
output 1mage in such a way as to output a visible light color
image 1n a bright scene and to output a near-infrared light
image 1n a dark scene.

Furthermore, the random color filter array 202 in the
wavelength modulation unit 101 (see FIG. 15) of the imag-
ing system 10 according to the present embodiment may be
a random optical filter array configured as an arrangement of
a plurality of types of optical filters including, for example,
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a filter that primarily transmits near-inirared light or the like
as well as color filters such as an R filter, a G filter, and a B
filter. For example, 1n a case where a near-infrared light
image 1s to be acquired as a multi-band 1mage, a filter that
transmits near-inirared light can be included in the random
optical filter array.

Hereinafiter, processing in the image generation device 12
(see FIG. 15) according to the present embodiment will be
described based on FIG. 16.

FIG. 16 1s a flowchart depicting the main processing
procedures of the image generation device 12 in the present
embodiment. In FIG. 16, elements that are the same as 1n
FIG. 12 are denoted by the same reference numbers.

The recerving circuit 104 of the image generation device
12 receives a modulated 1image and modulation information
transmitted by the transmission circuit 103 (step S101).

Next, the multi-band 1mage generation circuit 107 carries
out multi-band 1mage generation processing that generates a
multi-band 1mage, using an 1mage restoration technique (for
example, the compressed sensing technique), from a modu-
lated 1image and modulation information (step S104).

Next, the output interface device 106 outputs the multi-
band image generated by the multi-band 1mage generation
circuit 107, to be displayed on a display or used 1n image
processing for detecting humans or the like (step S105).
(Multi-Band Image Generation Processing)

Hereinatter, the multi-band 1mage generation processing,
carried out 1n step S104 will be described 1n more detail.

The multi-band 1mage generation processing can be for-
mulated as described below 1n a case where a captured
modulated 1image 1s taken as y' and a generated M-band
multi-band 1image 1s taken as x' (M being an integer of 4 or
more).

y'=Ax’ (equation 9)

Here, matrix A 1s a sampling matrix that indicates the
modulation information.

In order to simplity the description, 11 it 1s assumed that
the number of pixels of the imaging sensor 203 1s N=16 (see
FIGS. 13A to 13D), the modulated image v' and the gener-
ated 1image x', which 1s a multi-band 1mage generated based
on the modulated 1image y', are represented by the following
equations. The generated 1image x' 1s as depicted i FIG. 17
if represented divided into 1images for each of the M chan-
nels.

Y=viyoys ... ylﬁ]T-

S
x_[rlﬁl x2’1 x3?l R XM?]_ x_l?z .x%z x3,2 I XM?E " =

X116 %216 X316 - - - Xar.16] - (equation 2)

As 1s clear from equation 10, in equation 9, there are 16M
elements for X' which 1s an unknown variable, and there are
16 elements for y' which 1s an observed variable. That 1is,
there are few equations for unknown variables. Therefore,
equation 9 constitutes an 1ill-posed problem. However, as
indicated in embodiment 1, this ill-posed problem can be
solved by using the compressed sensing technique. The
various types of techniques given in embodiment 1 can be
applied also for the imaging system 10 that generates a
multi-band 1mage by means ol imaging of the present
embodiment.

As mentioned above, the imaging system 10 of the present
embodiment carries out 1imaging using the random color
filter array 202 or a random optical filter array, and carries
out multi-band 1image generation processing by means of the
compressed sensing technique, and can thereby reduce arti-
facts and acquire a high-definition multi-band 1mage.
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OTHER EMBODIMENTS

As mentioned above, embodiments 1 and 2 have been
described as exemplifications of the technique according to
the present disclosure. However, the technique according to 2
the present disclosure 1s not restricted to these embodiments,
and can also be applied to an embodiment 1n which an
alteration, substitution, addition, omission or the like has
been carried out as appropriate. In other words, modes in
which various types of modifications concerved by a person
skilled 1n the art have been implemented in the aforemen-
tioned embodiments, modes constructed by combiming the
constituent elements 1n mutually different embodiments, and
the like are also included within an embodiment of the
technique according to the present disclosure provided they
do not depart from the purpose of the present disclosure. For
example, modified examples such as the following are also
included within an embodiment of the technique according

to the present disclosure. 20

In the aforementioned embodiments, an example was
given 1n which the imaging system 10 1s provided with the
imaging device 11 and the image generation device 12;
however, the 1mage generation device according to the
present disclosure may contain the aforementioned imaging 25
device 11, that 1s, may be configured of the aforementioned
imaging system 10.

In the aforementioned embodiments, the 1imaging system
10 that generates a color image or a multi-band 1mage was
described; however, the imaging system 10 may generate an 30
image expressed by a signal in which an arbitrary wave-
length band of light 1s divided 1nto two or more regions, and,
for example, the imaging system 10 may generate an 1image
expressed by a signal 1n which the infrared light region is
divided into three regions. 35

Furthermore, the aforementioned 1mage forming optical
system 201 1s not restricted to using a lens for image
forming, and, for example, may use a retflective mirror or the
like.

Furthermore, the size on a two-dimensional plane parallel 40
to the light-receiving surface of the imaging sensor 203, of
cach optical filter included 1n the random color filter array
202 or the random optical filter array including the scattering
unit 204 given in the aforementioned embodiments may be
smaller than the size of the photodiodes 2034 1n the 1imaging 45
sensor 203. In addition, for example, each of a plurality of
optical filters (for example, six filters or the like) randomly
selected from a plurality of types of optical filters (for
example, the three types of the color filters 202a to 202c¢)
may be arranged in such a way as to overlap one of the 50
photodiodes 203a 1n mutually different positions.

Furthermore, in the aforementioned embodiments, an
example of the scattering unit 204 was described as the
scattering unit 204 which has: a resin layer constituted of a
resin having a first refractive index; and the plurality of 55
particles 204a located 1nside the resin layer and constituted
ol a substance having a second refractive index. However,
this 1s merely an example, and the scattering unit 204 may
randomly scatter light in accordance with the location
thereol on a two-dimensional plane of a random optical filter 60
array having a substantially planar shape (for example, the
random color filter array 202), and, for example, may
include a structure formed by stacking a first layer consti-
tuted of a material having a first refractive index, and a
second layer constituted of a material having a second 65
refractive index that 1s different from the first refractive
index.
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Furthermore, the scattering unit 204 described in the
alforementioned embodiments was located between the plu-
rality of types of optical filters and the photodiodes 2034, or
in front of the plurality of types of optical filters; however,
for example, the scattering unit 204 may be arranged in such
a way as to be located between the plurality of types of
optical filters and the photodiodes 203a and 1n front of the
plurality of types of optical filters, that 1s, 1n such a way as
to contain the plurality of types of optical filters.

Furthermore, the constituent elements (particularly the
circuits and the like) of the imaging system 10 described 1n
the aforementioned embodiments may be configured of
dedicated hardware, or may be realized by executing soft-
ware (a program) suitable for the constituent elements. The
constituent elements may be realized by a program execu-
tion unit such as a microprocessor reading out and executing
a program recorded in a storage medium (or a recording
medium) such as a hard disk or a semiconductor memory.

Furthermore, the plurality of circuits included in the
imaging device 11 may constitute one circuit in their entirety
or may each constitute separate circuits. Similarly, the
plurality of circuits included in the 1image generation device
12 may constitute one circuit 1n their entirety or may each
constitute separate circuits. Furthermore, these circuits may
cach be a general-purpose circuit or may be a dedicated
circuit. Furthermore, for example, processing executed by a
specific constituent element in the aforementioned embodi-
ments may be executed by another constituent element
instead of the specific constituent element. Furthermore, the
order 1n which the various types of processing in the
alorementioned embodiments 1s executed may be altered,
and a plurality of processing may be executed 1n parallel.

An 1mage generation device according to the present
disclosure as described above 1s provided with: a random
optical filter array (for example, the random color filter array
202) that has a plurality of types of optical filters (for
example, the color filters 202a to 2024, a filter that primarily
transmits light other than visible light, or the like) and the
scattering unit 204; the photodiodes 2034 that receive light
transmitted through the random optical filter array; the AD
conversion unit 2035 that converts the light received by the
photodiodes 2034, 1into digital data; and a generation circuit
(for example, the color 1mage generation circuit 105, the
multi-band 1mage generation circuit 107, or the like) that
generates an 1mage, using the digital data and modulation
information of the random optical filter array, in which the
scattering unit 204 1s located between the plurality of types
of optical filters and the photodiodes 203a, or 1n front of the
plurality of types of optical filters (for example, on an optical
path along which light transmitted through the 1image form-
ing optical system 201 reaches the optical filters), and 1n
which the scattering unit 204 includes a material having a
first refractive index, and a material having a second refrac-
tive index that 1s different from the first refractive index.
Thus, the photodiodes 203a, which serve as pixels, receive
light transmitted through several of the plurality of types of
optical filters that have mutually different wavelength char-
acteristics pertaining to the relationship between wavelength
and transmittance due to the scattering of light by the
scattering unit 204, and the photodiodes 203a are able to
acquire suflicient information; therefore, a decline 1n reso-
lution can be suppressed and an appropriate image can be
generated.

Furthermore, for example, the optical filters may be the
color filters 202a to 202¢, the random optical filter array may
be the random color filter array 202, and the generation
circuit may be the color image generation circuit 105.
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Furthermore, for example, the scattering unit 204 may
have a first layer (for example, the resin layer) constituted of
the material having the first refractive index, and the par-
ticles 204a, which include the material having the second
refractive mdex, scattered in the first layer.

Furthermore, for example, the second refractive index
may be 1.9 or more.

Furthermore, for example, the particles 204a may be
constituted of SiN, T10,, ZrO,, ZnO, or Ta,Ox..

Furthermore, for example, the particle size of the particles
204a may be 500 nm or more and 1000 nm or less.

Furthermore, for example, the scattering unit 204 may
include a first layer constituted of the matenial having the
first refractive index, and a second layer constituted of the
material having the second refractive index, and the first
layer and the second layer may be stacked in the thickness
direction (that 1s, the direction orthogonal to the plane) of the
random optical filter array having a substantially planar
shape.

Furthermore, for example, the generation circuit may be
the multi-band 1mage generation circuit 107.

Furthermore, for example, the generation circuit (for
example, the color 1mage generation circuit 105, the multi-
band 1image generation circuit 107, or the like) may generate
the 1mage, using a compressed sensing technique.

Furthermore, an 1imaging device according to the present
disclosure 1s provided with: a random optical filter array (for
example, the random color filter array 202) that has a
plurality of types of optical filters (for example, the color
filters 202a to 2024 or the hke) and the scattering unit 204;
the photodiodes 2034 that receive light transmaitted through
the random optical filter array; and the AD conversion unit
2036 that converts the llght recerved by the photodlodes
203a, into digital data, in which the scattering unit 204 1s
located between the plurality of types of optical filters and
the photodiodes 2034, or in front of the plurality of types of
optical filters, and 1n which the scattering unit 204 includes
a material having a first refractive index, and a material
having a second refractive index that 1s different from the
first refractive mdex. Thus, light can be received having
been transmitted through several of the plurality of types of
optical filters that have mutually different wavelength char-
acteristics pertaining to the relationship between wavelength
and transmittance due to the scattering of light by the
scattering unit 204, and therefore the photodiodes 2034,
which serve as pixels, are able to acquire suflicient 1nfor-
mation.

The 1maging system according to the present disclosure
can be applied to various types ol cameras.

What 1s claimed 1s:

1. An 1mage generation device comprising:

a random optical filter array that has a plurality of types
ol optical filters and a scatterer;

photodiodes that receive light transmitted through the
random optical filter array;

an AD converter that converts the light received by the
photodiodes, into digital data; and

a generation circuit that generates an image, using the
digital data and modulation information of the random
optical filter array,

wherein the scatterer 1s located between the plurality of
types of optical filters and the photodiodes, and

wherein the scatterer includes a material having a first
refractive index, and a material having a second refrac-
tive index that 1s different from the first refractive
index.
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2. The image generation device according to claim 1,

wherein the optical filters are color filters,

wherein the random optical filter array 1s a random color
filter array, and

wherein the image generated by the generation circuit 1s
a color 1mage.

3. The image generation device according to claim 1,

wherein the scatterer has a first layer constituted of the
material having the first refractive index, and particles,
which include the material having the second refractive
index, scattered 1n the first layer.

4. The image generation device according to claim 3,

wherein the second refractive index 1s 1.9 or more.

5. The image generation device according to claim 3,

wherein the particles are constituted of SiN, T10,, ZrO,,
/n0), or la,0..

6. The image generation device according to claim 3,

wherein a particle size of the particles 1s 500 nm or more
and 1000 nm or less.

7. The image generation device according to claim 1,

wherein the scatterer includes a first layer constituted of
the material having the first refractive index, and a
second layer constituted of the material having the
second refractive index, and

wherein the first layer and the second layer are stacked 1n
a thickness direction of the random optical filter array.

8. The image generation device according to claim 1,

wherein the 1mage generated by the generation circuit 1s
a multi-band 1mage.

9. The image generation device according to claim 1,

wherein the generation circuit generates the 1image, using
a compressed sensing technique.

10. An 1maging device comprising;

a random optical filter array that has a plurality of types
of optical filters and a scatterer;

a plurality of photodiodes that receive light transmitted
through the random optical filter array; and

an AD converter that converts the light received by each
of the plurality of photodiodes, into digital data,

wherein the scatterer 1s located between the plurality of
types of optical filters and the photodiodes, and

wherein the scatterer includes a material having a first
refractive index, and a material having a second refrac-
tive index that 1s different from the first refractive
index.

11. An 1mage apparatus comprising;:

an optical filter including a first optical filter having first
transmittance characteristics and a second optical filter
having second transmittance characteristics;

an 1maging device including a first photo detector having,
a first light-receiving surface and a second photo detec-
tor having a second light-receiving surface, the first
photo detector receiving light through the first light-
receiving surface and the second photo detector receiv-
ing light through the second light-receiving surface;

a first element including a first portion made from a first
material and a first particle made from a second mate-
rial and being located between the optical filter and the
imaging device; and

a second element including a second portion made from
the first material and a second particle made from the
second material and being located between the optical
filter and the 1maging device,

wherein (1) a particle size of the first particle 1s different
from a particle size of the second particle, (11) a second
refractive mndex of the second material 1s 1.9 or more
and 1s bigger than a first refractive index of the first
material, and a difference between the second refractive
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index and the first refractive index 1s 0.4 or more, and
(111) the particle size of the first particle and the particle
s1ize of the second particle are in a range from 500 nm
to 1000 nm, thereby first light entering the optical filter
including a first part of the first light, a second part of 5
the first light, a third part of the first light, and a fourth
part of the first light,

wherein an optical path of the first part of the first light
reaches the first photo detector, through the first optical
filter and the first portion and not through the first 10
particle,

wherein an optical path of the second part of the first light
reaches the second photo detector, through the first
optical filter, the first portion, and the first particle,

wherein an optical path of the third part of the first light 15
reaches the second photo detector, through the second
optical filter and the second portion and not through the
second particle, and

wherein an optical path of the fourth part of the first light
reaches the first photo detector, through the second 20
optical filter, the second portion, and the second par-
ticle.
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